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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 
ADVANCE RESTRICTED REPORT 

STABILITY AND CONTROL CHARACTERISTICS OF A FIGHTER 
AIRPLANE IN INVERTED FLIGHT ATTITUDE AS 
DETERMINED BY MODEL TESTS 
By John W. Paulson and Charles V. Bennett 

SUMMARY 


Tests have been made in the Langley free -flight 
tunnel to compare the stability and control character- 
istics of a powered airplane model in the erect and in 
the inverted flight attitudes. Force tests and yaw- trim 
tests were made to determine the static stability charac- 
teristics of the model and power-off flight tests were 
made to determine the general flight characteristics of 
the model in the inverted attitude. 

The results of the tests showed that with zero thrust 
the longitudinal and directional stability was almost the 
same in the inverted flight attitude as in the erect atti- 
tude. With power on, however, a serious reduction in both 
longitudinal and directional stability occurred in inverted 
flight. The effective dihedral was reversed in the 
inverted flight attitude. 


INTRODUCTION 


Fighter airplanes at times assume inverted attitudes 
while performing combat maneuvers. Inverted attacks are 
sometimes made because such attacks provide a means for 
a fast break-away from the opponent. Pilots of some 
fighter airplanes have recently reported encountering 
violent and uncontrollable maneuvers that apparently were 
preceded by flight in the inverted attitude. 

In order to obtain pertinent data concerning the 
stability and control characteristics of airplanes in the 
inverted attitude, tests were made of a typical present- 
day fighter airplane model in the Langley free-flight 
tunnel. The results of force, flight, and yaw- trim tests 
of the model in the erect and in the inverted attitudes 
are presented herein. 
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APPARATUS 
Wind Tunnel 


The tests were made in the Langley free-flight tunnel, 
a complete description of which is given in reference 1. 
Photographs of the model flying inverted in the test sec- 
tion of the tunnel are given in figures 1 and 2. The force 
tests were made on the Langley free -flight- tunnel six- 
component balance. A descriotion of the balance and its 
ooeration is given in reference 2. The balance so rotates 
with the model in yaw that all forces and moments are 
measured with respect to the stability axes. The sta- 
bility axes are axes in which the Z-a.xis is in the plane 
of symmetry, perpendicular to the relative wind., and 
directed downward ; the X-axis is in the Plane of symmetry, 
perpendicular to the Z-axis, and directed forward; and 
the Y-axis is perpendicular to the plane of symmetry and 
directed to the right. 

A stand mounted on the tunnel floor was used for all 
yaw-trim tests. The model when supported on this stand 
was restrained in roll, could be locked at any desired 
angle of pitch, and was completely free to rotate in yaw, 
except for the negligible ball-bearing friction. 


Model 

The —-scale model used in the tests is representa- 
JL J 

tive of present-day fighter design having a wing span 
of 38*3 feet. The full-scale dimensional characteristics 
as represented by the test model are given in the fol- 
lowing table: 


Wing span, feet 

Over-all length, feet 

Propeller diameter, feet .... 
Number of propeller blades . . . 

Normal weight, pounds 

Normal center-of -gravity position, 
percent mean aerodynamic chord 
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Wing: 

Ares, square feet • 

Incidence of root (reference) chord, degrees . . 

Tip-chord incidence, degrees 

Aspect ratio 

Taper ratio 

Sweepback of leading edge of wing, degrees . . 
Dihedral at wing leading-edge reference 

line, degrees 

Mean geometric chord, inches 

Mean aerodynamic chord, inches ........ 

Distance of leading edge of mean aerodynamic 
chord behind leading-edge of root chord, 

inches 

Flap chord, percent wing chord 


214.8 

1.50 

-0.45 

5.92 

2:1 

5.12 


5; 5 
77.63 
82.54 


6.11 

15.0 


Ailerons : 

Chord, percent wing chord . . . 

Area behind hinge line, percent wing area . . . 

Span, percent wing semispsn 

Travel, degrees up and down 

Horizontal tail surfaces: 

Total area, square feet 

Span, feet • • • 

Elevator area behind hinge line, square feet 

Balance area, square feet ^ 

Distance from normal center of gravity to 

elevator hinge line, inches . . 

Vertical tail surface: 

Total area, square feet . 

Rudder area behind hinge line, square feet . . 

Balance area, square feet 

Distance from normal center of gravity to 

rudder hinge line, inches .... 227.2 

A three-view drawing of the model is given in figure 3 
and photographs of the model are shown in figure 4 . 

Power was supplied to the model propeller by an 
electric motor rated 1/2 horsepower at 15,000 rpm. The 
motor was geared to the propeller in the ratio of 3 . 0 jl. 
All power tests were made with a propeller blade angle 
of 30 ° at 0.75 radius. 


. 6.6 

52.5 

15.0 


1 + 4.1 

13.25 

10.8 

l+.o 

206.1 


25.I+8 

10.05 

1.96 
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lift coefficient 


SYMBOLS 


Lift 


qS 


drag coefficient 


pitching-moment coefficient 

(Pitching moment positive when nose moves up.) 

/Rolling moment\ 
rolling-moment coefficient \ J 

(Rolling moment positive when right wing is 
depressed. ) 

yewing-moment coefficient (l^ K f^ 0 . ment 
(Yawing moment positive 

/ 

lateral-force coefficient \ 

igi tudinal-f orce coeffic 
(C x = - Cq when \J/ = 0) 


qbS 

(Yawing moment positive when nose moves to right. ) 

^Lateral force) 

: — qs j 

longitudinal-force coefficient ^Sltudinal force 


effective thrust coefficient 
velocity, feet per second 


Effective thrust 


PV 2 D 2 


air density, slugs ner cubic foot 
propeller diameter, feet 

dynamic pressure, pounds per square foot (^PV^) 
mean aerdoynsmic chord, feet 
wing area, square feet 
wing span, feet 

angle of attack of thrust line, degrees 

angle of yaw, degrees 

angle of bank, degrees 

angle of sideslip, degrees ( - ^) 
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C D, 


a 


C L , 


a 


'm, 


a 


rate of change of rolling-moment coefficient with 

/dOA 

angle of sideslip, per degree 

rate of change of yawing -moment coefficient with 

'60^ 


angle of sideslip, per degree 


6JV 


rate of change of lateral-force coefficient with 
angle of sideslip, per degree 

\op/ 

rate of change of drag coefficient with angle of 
attack, per degree 

rate of change of lift coefficient with angle of 

/ bG j^\ 

attack, per degree 


rate of change of pitching -moment coefficient with 

/An \ 

I ^ '-'HI 

angle of attack, per degree it — j 

\o a / 


-dCm 

Icl 


— static margin for power-off condition, chords (x/c) 


x distance from center of gravity to neutral point, feet 

6 r rudder deflection, degrees; positive when left rudder 
pedal is depressed in erect flight or when right 
rudder pedal is depressed in inverted flight 

6 a aileron deflection, degrees 

6 e elevator deflection, degrees 


TESTS 


Tests in which the model simulated a full-scale 
air-plane operating at T c = 0 and 1800 brake horsepower 
were run at a dynamic pressure of 1.9 pounds per square 
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foot, which corresponds to an airspeed of approximately 
27 miles per hour at standard sea-level conditions and to 
a test Reynolds number of l 66 ,l ).00 based on the mean aero- 
dynamic chord of O.6I4.6 foot. Tests in which the model 
simulated a full-scale airplane developing 3100 brake 
horsepower were run at a dynamic pressure of 1.1 pounds 
per square foot. The data from all tests are referred 
to the stability axes in the erect attitude, which inter- 
sect at the center-of -gravity location that is 2 )_j_ . 5 percent 
of the mean aerodynamic chord. All tests were made with 
flaps up. 


Force Tests 

Force tests were made to determine the static longi- 
tudinal stability of the model operating with power simu- 
lating zero thrust and 1800 and 3100 brake horsepower for 
the full-scale airplane. These tests were made over a 
range of both negative and positive angles of attack in 
order to determine the longitudinal stability character- 
istics in the inverted and erect attitudes. 

Values of thrust coefficient required to simulate 
1800 and 3100 full-scale brake horsepower over the lift 
range of the model tests are shown in figure 5 * These 
data are based on an assumed full-scale propeller 
efficiency of 80 percent. 

Force tests over a range of yaw angles from ij.O° 
to -I4.O 0 were made to determine the static lateral sta- 
bility characteristics at angles of attack of 8° 
and -10°, which corresponded to lift coefficients of 
approximately 0.6 and - 0 . 6 , respectively. The yaw tests 
at a = 8° were made with power simulating zero thrust 
and 3100 brake horsepower for the full-scale airplane 
and the yaw tests at a = -10° were made with power 
simulating zero thrust and 1800 and 3100 brake horsepower 
for the airplane. In all yaw tests, the propeller speed 
was set to give the proper amount of power at zero yaw 
and was kept constant over the range of yaw angles. 


Yaw-Trim Tests 

The yaw-trim tests were made by deflecting the 
rudder and noting the resulting trim angle of the model 
mounted on the stand. Tests of this type are utilized 
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in the Langley free -flight tunnel to indicate the possible 
existence of rudder lock. The tests were made for a range 
of rudder deflections of ± 30 ° for power simulating zero 
thrust and lSOO brake horsepower for the airplane at 
angles of attack of 8° and -10°. 


Flight Tests 

Flight tests were made to determine the general 
flight behavior of the model in the erect and in the 
inverted attitudes over a speed range corresponding to a 
range of lift coefficients from 0,35 to O. 58 . For all 
flight tests the propeller was removed and the static 
margin was approximately O.I 5 . 

RESULTS AND DISCUSSION 
Presentation of Results 


In interpreting the results of inverted flight tests, 
two methods of analysis can be used. The inverted atti- 
tude can be considered from the pilot's viewpoint or from 
considerations of control-fixed stability without regard 
to the pilot. 

The stability and control conditions that would be 
experienced by the pilot from his inverted position were 
simulated in the force and yaw- trim tests of the present 
investigation by testing an erect model at negative angles 
of attack. The force-test data obtained in this manner 
are referred to the axes shown in figure 6(b) in order to 
represent the inverted-attitude condition as it appears 
to the pilot. In order to determine the control-fixed 
stability character istics , however, it was necessary to 
transfer* the force and yaw-trim data to the axes shown 
in figure 6(c). Figure 5(c) shows that for considerations 
of control-fixed stability, the change to inverted atti- 
tude corresponds to a change in basic configuration. The 
low-wing design becomes a high-wing design with negative 
geometric dihedral end the location of the tail surfaces 
is changed. 

A comparison of figure 6(b) with figure 6(c) shows 
that in order to refer force-test data obtained at nega- 
tive angles of attack to the ajces system of figure 6(c) 
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the signs of the angles a and (3 and of the coef- 
ficients Cl, C m , Cy, and C n must be reversed. The 
signs of the coefficients C D and Cj, however, do not 
change for any system of axes. Prom these considerations, 
the derivatives C n p, Cy^ j ^m a > anc * 

obtained from negative angle-of-attack data, do not change 
sign but the sign of the derivatives C^p and C£> a is 

reversed when they are ref erred to the axes system of 
figure 6(c). 

All force-test data obtained in the present investi- 
gation are presented as the pilot would visualize them. 
(See fig. 6(a) for axes system in erect flight and 
fig. 6(b) for 8X63 system in inverted flight.) Some of 
the force-test data have also been corrected for sign in 
accordance with the preceding paragraph end are referred 
to the stability axes (figs. 6(a) and 6(c)). All yaw- 
trim-test data are al30 referred to the axes of fig- 
ure s 6(a) and 6(c). 


Longitudinal Stability 

The results of force tests made to determine the 
longitudinal stability of the model are presented in fig- 
ure"? using the axes of figures 6(a) and 6(b). These 
data are shown referred to the stability axes for normal 
flight (see figs. 6(a) and 6(c)) in figures 8 and 9 . 

The data of figure 8 show that for zero thrust 
inverting the flight attitude resulted in an increase in 
the static longitudinal stability but for power on. 
inverting the flight attitude resulted in longitudinal 
instability. 

The data of figure 8 are rearranged in figure 9 to 
afford a direct comparison of the zero-thrust and the. 
high-power conditions for the model in the erect and in 
the inverted attitudes. In the erect attitude, power 
slightly increased the longitudinal stability, but in the 
inverted attitude, power w as destabilizing and resulted 
in longitudinal instability. The increase in longitudinal 
stability with power is attributed in part to the fact 
that the' center of gravity is below the thrust line in the 
erect attitude and above the thrust line in the inverted 
attitude. The stabilizing effect of power in the erect 
attitude is unusual but has been noted in other tests of 
this design. 
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The results of the flight tests made with propeller 
removed indicated satisfactory longitudinal stability 
characteristics of the model in the inverted attitude. 

No unusual dynamic stability characteristics were noted 
in these tests and the flight behavior was similar to 
that obtained in the flights of the model in the normal 
erect attitude. 


Lateral Stability 

The basic data obtained from force tests made to 
determine the static lateral stability characteristics of 
the model are presented in figure 10 for the erect atti- 
tude and in figure 11 for the inverted attitude. 

Directi onal stability end trim. - The static 
directional-stability data for the model in the inverted 
attitude (fig. 11) have been referred to the stability 
axes and are compared with corresponding data for the 
model in the erect attitude in figure 12 to illustrate 
the effect of attitude upon the static directional sta- 
bility and trim. 

The results presented in figure 12 show that inverting 
the attitude with zero thrust slightly increased the direc- 
tional stability for small angles of yaw but reduced the 
range of yaw angles for which the model was directionally 
stable. With power on, however, inverting the attitude 
decreased the directional stability in addition to reducing 
the range of yaw angles over which the model was direc- 
tionally stable. The data also show that inversion almost 
wholly eliminated the favorable effect of power upon the 
directional stability. 

The data presented in figure 12 have been rearranged 
in figure 13 to show the effect of power in the erect and 
in the inverted attitude. In the erect attitude, power 
greatly increased the directional stability at the trim 
condition (C n = 0) but reduced the range of yaw angles 
for which the model was directionally stable. In the 
inverted attitude, power did not substantially affect 
the directional stability at trim, but caused a large 
reduction in range of yaw angles for which the model was 
stable. 

The difference in power effects between the erect 
and the inverted attitudes is attributed to the change of 


10 


NAG A ARR No. L5F25a 


slipstream position with attitude. The results of calcu- 
lations made by the method of reference 5 to determine 
the vertical position of the slipstream with respect to 
the horizontal tail (fig. li+) indicate that for the par- 
ticular design tested, inverting attitude shifted the 
high-velocity slipstream jet away from the vertical tail 
surfaces and that consequently the directional stability 
contributed by those surfaces was reduced. 

The results shown in figure 1J also indicate that the 
shift of trim point in the inverted attitude with power 
is in the opposite direction from that in the erect atti- 
tude. This shift is attributed to the sidewash angles at 
the tail induced by propeller rotation. In the erect atti- 
tude the vertical tail is located in the upper part of the 
slipstream jet where rotational effects are such as to 
cause trim changes (yawing moments) in a negative direction. 
Inverting the model attitude, however, shifts the relation- 
ship of the vertical tail to the slipstream jet so that 
the vertical tail is partly in the lower part of the slip- 
stream jet and consequently the trim changes are reversed. 

The results of the yaw- trim tests, which supplement 
the force-test results concerning the directional trim 
characteristics of the model, are presented in figures 15 
and lo. The data are plotted in figure 15 to show the 
effect of model attitude for each power condition and the 
same data are rearranged in figure l6 to show the effect 
of power on the directional trim characteristics for the 
erect and for the inverted attitudes. These results are 
in general agreement with the force-test results and show 
that inverting attitude caused the model to trim at larger 
yaw angles with a given rudder deflection. For the 
inverted attitude with zero thrust, the fact thst the 
model trims at large yaw angles with rudder deflections 
greater than -10° indicates that rudder-force reversal 
Trudder lock) would probably occur in flight at this con- 
dition. With power on, similar indications of rudder lock 
are evident for both the erect and inverted attitudes, 
and the data indicate that rudder lock is more likely to 
occur in the inverted attitude. For the inverted attitude 
with power on the model would trim at normal angles of 
yaw only with rudder deflections between 0° and 5°* 

Dihedral effect .- A comparison of the effective- 
dihedral characteristics of the model as measured by Cj 

£ 

(slope of curve of rolling-moment coefficient against yaw 
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angle) was obtained from the data of figures 10 and 11 
for the erect and for the inverted attitudes and is shown 
plotted against the directional-stability parameter Cn^ 

in figure 17. The data for the inverted attitude shown 
in this figure represent the data of figure 11 corrected 
for sign to the proper system of axes. 

The data of figure 17 show that inverting the model 
attitude for zero thrust reduced the effective-dihedral 
parameter from -0.0011 to 0.0001+, which corresponds 

approximately to a 7*5° reduction in the effective dihedral. 
This reduction of effective dihedral with inversion of 
model attitude is attributed to the change in geometric 
characteristics accompanying inversion. The test model 
in the erect position is a low-wing model with. 5 • 5 6 eo " 
metric dihedral, but when inverted it becomes in effect 
a high-wing model with -5*5° geometric dihedral and there- 
fore has 11° less geometric dihedral. The difference in 
the change in geometric and effective dihedral is attri- 
buted to the fact that, because of wing- fuselage inter- 
ference effects, a high-wing airplane has a higher effec- 
tive dihedral than a low-wing airplane with the same geo- 
metric dihedral. 

Although for control-fixed stability the effective 
dihedral is negative in the inverted attitude, it might 
apoear positive to the pilot. A comparison o± the data 
of" figures 10 and 11 indicates that no change in. the sign 
of the effective dihedral occurs when erect and inverted 
flight data are referred to the axes of figures 6(a) 
end°6(b). The pilot should therefore get the same rolling 
response from rudder kicks in the erect and inverted atti- 
tudes end thus might not recognize the existence of the 
negative-dihedral condition. 

The results presented in figure 17 show that power 
application changed the effective dihedral in the nega- 
tive direction regardless of model attitude. Consequently, 
the negative dihedral of the model in the inverted con- 
dition became even more negative with power application. 

In the flight tests of the model in the inverted atti- 
tude with propeller removed, the negative dihedral effect 
was evidenced by an increase in the difficulty in con- 
trolling the model laterally# In order to keep the model 
flying in the center of the tunnel, the pilot had to use 
aileron control more frequently than in flights in the 
erect attitude (positive-dihedral condition). 
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CONCLUSIONS 


Prom tests of a model of a conventional low-wing 
fighter airplane in the Langley free-f light tunnel the 
following conclusions were drawn regarding the stability 
and control characteris tics of the model in the inverted 
flight attitude: 

1. The flight characteristics of the model in 
inverted flight with propeller removed -were generally 
satisfactory. The lateral stability characteristics were 
not so good as those in erect flight, however, because 
inverting flight attitude changed the effective dihedral 
from positive to negative. The negative effective dihe- 
dral made laterally level flight difficult to maintain. 

2. Power application changed the effective dihedral 
in a negative direction regardless of flight attitude. 

3« The effect of power on longitudinal and direc- 
tional stability was much more serious in inverted flight 
attitudes than in erect attitudes. 

Langley Memorial Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va. 
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Fig. 



Figure 1.- Test section of Langley free-flight tunnel 
showing model flying in inverted attitude. 
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Fig. 2 



Figure 2. 


Model flying inverted in test section 
of Langley free-flight tunnel. 
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Figure. 3. - Model used m Free - Flight - tunnel 
investigation of stability chaFacleris tics 
in inverted Flight ■ 
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Fig. 4 




Figure 4.- Plan view and side elevation of model used 
in inverted-flight investigation in Langley free- 
flight tunnel. 
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Fig. 5 



f/ff coe/f/aenf J C L 

Figure S. ~ Variation of thru at coefficient with lift coefficient 
for teat model simulating 1600 and 3100 full~acale brake 
horsepower a/ sea level. Props! /er efficiency > 80 percent 
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(a) Conventional stability axes for 
normal erect flight. (Axes 
about which basic force-test 
data are measured. ) 


Z 



Y 



X 


(b) Inverted axes as visualized by 
pilot in inverted flight. 
(Axes about which basic force- 
test data for negative angles 
of attack are measured. ) 


(c) Conventional stability axes for 
inverted flight. (Axes to 
which force-test data for 
negative angles of attack are 
referred for comparison with 
data for positive angles of 
attack . ) 
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Figure 6 - Axes used to evaluate stability 
characteristics in inverted flight inves- 
tigation. 
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Fig. 7 
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Fig. 8 
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A/hde/ Greet 
/Vbde/ /n verted 



NATIONAL ADVISORY 
COMMITTEE FOA AERONAUTICS 

F/gure 6. -Effect o f att/tuc/e on the Jong/tud/nat 
etab/t/ty ch aractenst/cs of test mode / . Do /a 
from f/gure 7 referred -to efab/t/fy c/xee for 
norma/ f/zght - (Dee f/g S . 6Co) and 6(c).) 
da ~ do ~df~ -D°j p = 0 6 ■ g-/-t9 grounds per sguans 
foot , 
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Fig. 9 



Lift coefficient, Ci 

NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 

Figure 9 - ~ Effect of power on the longitudinal 
stability characteristics of lest model. Dota 
concerted to the conventional stability axes 
m norma I flight. Dota taken from figure 7 . 
d a x de = cf r = 0 ° ; q */.9 pounds per square 

foot. Data referred to axes or figures 6 (p.) 

and 6 fc) . 
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COMMITTEE FOR AERONAUTICS 

Figure 10. - Effect of power on the laterol stability 
characteristics m yaw of test mode I in the 
erect attitude. oC^d° ) C L x 0.6; cf a =cf^d r =0 o . 

Data referred to azis of figure 6 (a). 
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Figure II Fffecl of power on the lateral stability 
characteristics in yaw of model in the inverted attitude. 
oC =- 10° ; C L ~- 0.6 ; 6 a z cfe' cf r = 0° Data referred 
to azejof figure 6(b). 


Negative longitudinal -force Pitching-moment 

L/ff coefficient, C, coeffic tent , - C* coefficient , Cm 
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Fig. 10 Cone. 



Figure IQ- Concluded ■ 
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Fig. 11 Cone 



Figure II - Concluded . 
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~.<W > 1 > ^ ^ 1 ^ 1 ^ 1 1 ^ \ 1 

-40 -30 -20 ~/0 O /O 20 30 40 

Ang/e of yaw , f , deg 

Figure /2. _ Effeci of altitude an directional stability character/st/cs of 
test model for zero thrust gnat high power- Da! a from f/gures /O 
and tt referred fo axes of figures 6(a) and 6(c). C L -0.6j ^=cQ ~d)-O e . 
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Yawing -moment coetfic/enf t C n 


I 



-to o to 
Angle cf yojv , f , deg 

F/gure /3.- Effect of power on cOnsct/onaf staE/J/ty character/a f/cs of 
Zest mode/ -/or erect and snorted f//gt>t att/ fades . Data from 
figures /O and // referred to ax&s of //pares 6(d) and 6fc) . -0.6 • 

<k=J e =cfr = 0 ° 
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Fig. 14a-c 
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figure. 14.- Vertical petition of propeller oj/p - 
^-trecum ca/cu/ahed for fesf /woc/ef in erect 
and inverted flight off dudes. d'-O- IQOO fratie 
horsepower. 
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Fig. 15 



-/20 -30 -40 O 40 

Ang/e of yaw , 4 , deg 


30 


/ZO 


Figure /£■ - £2 fee/ of off fade on cf/recf/orxo/ fr/m 
characfer/sf/cs of Ass/ mode/ aeed for /nxerfed - 
f/zg/if /nresf/gaf/on . Da/a from yaw- fnm fes/a 
referred fo axe s of f /gores 6(a) and 6(c). 
d' a -d e =0° J eg-/ 9 pound, s per eg u a re foof . 


Fig. 16 
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Ang/e of yaw , (g , deg 

Figure /€>.- Fffeci of power on d/recf/onrx/ fr/m 
cfiarac/ens //cs of fee/ mode/ used for /nrerfed- 
f//gh / /nresfga//on . Da/a from yaw- /nrn fes/s 
referred fo ares of f/gure-s <o(a) and ff) ■ 
g - /.S pounds per square foof. 
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Fig. 17 



Figure? /7.~ 1 /q nation of <?//ec//K? - d/tioctrat 
parameter and d/rec dona/ -otab/titf 

parameter for m octet attitude a and powers 

as deed for m re r feat- f/igfit imresfigaf/on . 

Data referred to axes of f /pares 6(a) and 6(c). 



